When inorganic phosphate is limiting, Arabidopsis has the facultative ability to metabolize exogenous nucleic acid substrates, which we utilized previously to identify insensitive phosphate starvation response mutants in a conditional genetic screen. In this study, we examined the effect of the phosphate analog, phosphite (Phi), on molecular and morphological responses to phosphate starvation. Phi significantly inhibited plant growth on phosphate-sufficient (2 mm) and nucleic acid-containing (2 mm phosphorus) media at concentrations higher than 2.5 mm. However, with respect to suppressing typical responses to phosphate limitation, Phi effects were very similar to those of phosphate. Phosphate starvation responses, which we examined and found to be almost identically affected by both anions, included changes in: (a) the root-to-shoot ratio; (b) root hair formation; (c) anthocyanin accumulation; (d) the activities of phosphate starvationinducible nucleolytic enzymes, including ribonuclease, phosphodiesterase, and acid phosphatase; and (e) steady-state mRNA levels of phosphate starvation-inducible genes. It is important that induction of primary auxin response genes by indole-3-acetic acid in the presence of growth-inhibitory Phi concentrations suggests that Phi selectively inhibits phosphate starvation responses. Thus, the use of Phi may allow further dissection of phosphate signaling by genetic selection for constitutive phosphate starvation response mutants on media containing organophosphates as the only source of phosphorus.
Phosphorus is an essential structural constituent of many biomolecules and plays a pivotal role in energy conservation and metabolic regulation. Inorganic orthophosphate (Pi), the assimilated form of phosphorus, is often a limiting macronutrient in both terrestrial and aquatic ecosystems. As a consequence, assimilation, storage, and metabolism of Pi are highly regulated processes that directly affect plant growth (Theodorou and Plaxton, 1993; Raghothama, 1999) . To cope with low Pi availability, plants have evolved sophisticated developmental and metabolic adaptations to enhance Pi acquisition from the rhizosphere. Such strategies include morphological changes in root architecture and associations with symbiotic mycorrhizal fungi to accelerate soil exploration as well as biochemical responses to chemically increase Pi availability from insoluble salt complexes and organophosphates present in recalcitrant soil matter (McCully, 1999; Raghothama, 1999) . Despite numerous studies on adaptive responses to Pi limitation, little is known about the underlying molecular processes or regulatory genes that are involved in the Pi starvation response of plants.
On the other hand, genetic and molecular studies have provided much insight into the microbial response to Pi limitation. When faced with low Pi availability, both Escherichia coli and Saccharomyces cerevisiae activate a multigene emergency rescue system to scavenge traces of usable phosphorus from the surrounding medium. Both systems are known as a pho regulon and consist of at least 30 genes. Pi starvation leads to an increased expression of Pi acquisition enzymes and regulatory proteins such as nucleases, phosphatases, high-affinity Pi transporters, Pi-binding proteins, and Pi sensor protein kinases that monitor extracellular Pi availability (Torriani-Gorini, 1994) . The pho regulon of S. cerevisiae provides a paradigm for Pi-responsive gene regulation in eukaryotes. Simple genetic screens have identified positive and negative regulators of the signaling pathway that controls induction and secretion of Pi starvation-inducible acid phosphatase (Lenburg and O'Shea, 1996) .
In vascular plants, the existence of an analogous multigene Pi starvation-inducible rescue system has been proposed (Goldstein et al., 1988) , and several putative components of a plant pho regulon have been described. These include Pi starvation-inducible acid phosphatases with broad substrate specificity (Duff et al., 1994; del Pozo et al., 1999; Baldwin et al., 2001) , phosphoenolpyruvate phosphatase and pyrophosphate-dependent phosphofructokinase (Theodorou and Plaxton, 1993) , ribonucleases (Green, 1994) , phosphodiesterases (Abel et al., 2000) , Pi transporters (Raghothama, 2000) , and several genes of unknown function (Liu et al., 1997; Burleigh and Harrison, 1999) . However, Pi sensory mechanisms and components of the signal transduction pathway(s) that integrate the Pi starvation response of plants have not been identified. To elucidate Pi starvation signaling pathway(s) in plants, we designed a conditional genetic screen in Arabidopsis that is based on the facultative ability of wild-type plants to utilize organophosphates such as nucleic acids in Pi-limiting conditions (Chen et al., 2000) . We isolated several recessive mutant lines that grow on high Pi medium, but which show severe growth inhibition on medium containing nucleic acids as the only source of phosphorus. For a subset of these lines, the conditional growth defect is likely to be caused by reduced induction of multiple Pi-scavenging enzymes in response to low Pi, which suggests loss-of-function mutations in positive factors of plant pho gene regulation (Chen et al., 2000) .
To explore the feasibility of a genetic selection system for constitutive Pi starvation response mutants, which may target repressors of Pi starvationinducible genes, we examined in this study the effect of phosphite (Phi or phosphonate) on Pi starvation responses in Arabidopsis. The orthophosphite anion (H 2 PO 3 Ϫ or HPO 3 2Ϫ ) contains a nonacidic hydrogen atom and can be considered an analog of the Pi anion (H 2 PO 4 Ϫ or HPO 4 2Ϫ ). Previous work in Brassica napus and Brassica nigra showed that, although readily absorbed, Phi is relatively stable and not significantly oxidized or otherwise metabolized in plants (Carswell et al., 1996 (Carswell et al., , 1997 . In addition, Phi represses induction of the Pi starvation-inducible enzymes, phosphoenolpyruvate phosphatase and pyrophosphate-dependent phosphofructokinase, as well as high-affinity Pi uptake in conditions of Pi limitation, which led to the suggestion that Phi may be a useful inhibitor for dissecting Pi starvation response pathways (Carswell et al., 1996 (Carswell et al., , 1997 . Toward this goal, we extended these studies to Arabidopsis and examined the effect of Phi on several morphological and molecular Pi starvation responses. We studied the effect of Phi on plant growth in media supplemented with various phosphorus sources as well as the effect of Phi on root hair formation and Pi starvationinducible nucleolytic enzyme activities and transcript levels. Our data suggest that Phi specifically attenuates developmental and molecular responses of Arabidopsis to low Pi availability.
RESULTS

Inhibition of Arabidopsis Growth by Phi
The capacity of plants to induce and secrete Piscavenging enzymes into the rhizosphere in response to limiting Pi concentrations is thought to sustain plant growth by solubilizing immobilized Pi and by degrading compounds that contain organically bound phosphorus. One example of this ability is Arabidopsis, which develops normally on synthetic media containing purified nucleic acid substrates as the only source of phosphorus. When grown on ϪPi/ ϩDNA or ϪPi/ϩRNA media, Arabidopsis plants induce Pi starvation-inducible nucleolytic enzymes such as nucleases and acid phosphatase to metabolize exogenous nucleic acids (Chen et al., 2000) . As a consequence, plants grown under such conditions do not show severe symptoms of Pi deficiency and are comparable in appearance and fresh weight with plants that are cultivated on ϩPi medium (see Fig. 1 ).
To study the effect of the Pi analog, Phi, on plant growth, we added increasing concentrations of Phi to ϩPi, ϪPi/ϩRNA, and ϪPi media, and the fresh weight of pooled seedlings was measured 18 d after germination (Fig. 2) . Addition of up to 2.5 mm Phi to ϩPi medium (2 mm Pi) did not considerably reduce seedling fresh weight. However, higher Phi concentrations significantly inhibited plant growth when compared with growth on Phi-free ϩPi medium (Student's t test, P Ͻ 0.05). Seedling fresh weight was reduced by 50% and 80% on ϩPi medium containing 5 and 10 mm Phi, respectively. A more severe reduction of seedling fresh weight in response to increasing Phi concentrations was observed for growth on ϪPi/ϩRNA (2 mm phosphorus) medium; fresh weight was reduced by 80% and 95% in the presence of 5 and 10 mm Phi, respectively (Student's t test, P Ͻ 0.05; Figs. 1 and 2). As expected, inhibition of seedling growth by Phi on ϪPi/ϩRNA medium could be overcome by the addition of Pi (see Fig. 1 ). Similar data were obtained for growth on DNA-containing medium (data not shown). Seedlings grown in ϪPi showed typical symptoms of Pi deficiency such as accumulation of anthocyanins, and their fresh weight was less than 10% compared with plants grown on ϩPi or ϪPi/ϩRNA media ( Figs. 1 and 2 ). Addition of Phi to concentrations above 5 mm further decreased fresh weight of seedlings grown on ϪPi medium (Student's t test, P Ͻ 0.05; Fig. 2 ). Enhanced root growth relative to shoot growth is a classical response of plants to Pi deficiency, which results in an increased root-to-shoot ratio. It is interesting to note that seedlings grown for 12 d on ϪPi/ϩPhi medium failed to respond with a redistribution of growth to benefit the root system. Although total fresh weight amounts were similar for ϪPi and ϪPi/ϩPhi seedlings, the root-to-shoot ratio of ϪPi/ϩPhi seedlings was about 8-fold lower than that of ϪPi-grown seedlings (Student's t test, P Ͻ 0.05) and approached the root-to-shoot ratio of ϩPi seedlings (data not shown).
Effect of Phi on Root Hair Formation
Low phosphorus availability stimulates lateral root formation as well as initiation and elongation of root hairs in many plant species, which may contribute to enhanced soil phosphorus acquisition. Increased root hair density and elongation is one of the morphological hallmarks of the Pi starvation response in Arabidopsis (Bates and Lynch, 2000) . Therefore, we examined the effect of Phi on root hair formation of Arabidopsis plants grown in media with different sources of phosphorus. Roots of seedlings grown on ϪPi medium developed root hairs and were more branched, whereas roots of ϩPi seedlings were less branched and appeared largely devoid of root hairs (data not shown), which is consistent with previous reports (Bates and Lynch, 1996) . Because plant growth is severely inhibited in our ϪPi conditions (Chen et al., 2000) , the effect of Pi limitation on root hair formation is best seen when roots of plants that were grown on ϪPi/ϩRNA and ϩPi/ϩRNA medium are compared. The external Pi concentration generated by the hydrolysis of exogenous RNA is sufficient to sustain continued plant growth but is seemingly low enough to promote pronounced development of root hairs. However, inclusion of Pi in the RNA-containing medium significantly reduces root hair density and elongation (Student's t test, P Ͻ 0.05; Fig. 3 ; Table I ). Root hairs of plants grown on ϩPi/ϩRNA medium are about 2-fold shorter and occur at a 3-fold lower density than those of ϪPi/ ϩRNA cultivated seedlings (Table I) . It is important to note that Phi has a similar effect to Pi on root hair development. Both the length and the density of root hairs are significantly reduced by Phi (ϩPhi/ϪPi/ ϩRNA) when compared with seedlings grown on ϪPi/ϩRNA medium (Student's t test, P Ͻ 0.05; Fig.  3 ; Table I ).
Effect of Phi on Leaf Pigment Accumulation
The accumulation of anthocyanins is characteristic of Pi-limited plants (Trull et al., 1997) . As opposed to Arabidopsis plants grown on ϪPi medium, which appear dark green-purple, the leaves of plants grown on ϪPi/ϩPhi medium have a normal to light-green appearance (see Fig. 1 ). To determine the effect of Phi on anthocyanin accumulation, plants were grown for 3 d on ϩPi medium and subsequently transferred to ϪPi, ϩPi, and ϪPi/ϩPhi media for an additional 14 d of growth. As demonstrated by measurements of extractable anthocyanins, levels of anthocyanins in ϪPi/ϩPhi-cultivated plants were approximately 10-fold lower than those grown in ϪPi and were similar to those of ϩPi-grown plants (Student's t test, P Ͻ 0.05). It is interesting that Phi concentrations as low as 0.25 mm were sufficient to prevent anthocyanin accumulation (Fig. 4A) .
Plants grown at high Phi concentrations are light green in color, which may indicate a possible alter- ation in chlorophyll content (see Fig. 1 ). Therefore, we also measured chlorophyll a and b in leaves of plants grown in conditions of different phosphorus supply as described for the anthocyanin measurements. Although total chlorophyll content did not significantly differ between seedlings grown on ϪPi, ϩPi, and ϪPi/ϩPhi (2.5 mm) media, chlorophyll levels were modestly decreased by Phi at concentrations above 5 mm Phi (Fig. 4B ).
Phi Disrupts Induction of Nucleolytic Enzymes by Phosphate Limitation
Induction of Pi starvation-inducible enzymes such as acid phosphatase is a common molecular response of plants to limited Pi availability (Duff et al., 1994) . This induction was demonstrated previously for Arabidopsis (Trull et al., 1997; Trull and Deikman, 1998; Chen et al., 2000) . To examine the effect of Pi and Phi on Pi starvation-inducible acid phosphatase activity in roots, plants were germinated in high Pi medium and then transferred to ϩPi, ϪPi, and ϪPi/ϩPhi media. Roots were histochemically stained for acid phosphatase activity using 5-bromo-4-chloro-3-indolyl-phosphate (BICP) as a chromogenic substrate. As shown in Figure 5 , roots of Pi-starved plants showed intense staining, which indicates high acid phosphatase activity, whereas no detectable staining was observed for roots of plants that were grown on ϩPi or ϪPi/ϩPhi medium. This observation was further confirmed by quantitative enzyme assays (Table II) . Spectrophotometric measurement of acid phosphatase specific activity in total plant extracts indicated a reduction by approximately 60% for plants grown on ϩPi or ϪPi/ϩPhi medium when compared with seedlings grown on ϪPi medium. Similar results were obtained for total phosphodiesterase specific activity, whereas total ribonuclease Phi. Anthocyanins (A) and chlorophylls (B) were extracted and quantified as described in "Materials and Methods." Mean pigment content per gram fresh weight (ϮSE) is given (n ϭ 3 independent extractions of 100 shoots).
Table I. Inhibition of root hair formation by Pi and Phi
Arabidopsis plants were grown on vertically oriented agar plates for 21 d in media with the following phosphorus supplements or combinations thereof: ϪPi; ϩPi (2 mM), ϩPhi (2.5 mM), ϩRNA (2 mM phosphorus). Values represent the mean root hair density Ϯ SE or mean root hair length Ϯ SE (n ϭ 8 -10 primary roots) and are expressed as percent of the respective ϪPi/ϩRNA treatment (nos. in parenthesis). The differences between roots of ϪPi/ϩRNA and ϩPi/ ϩRNA as well as between ϪPi/ϩRNA and ϩPhi/ϪPi/ϩRNA-grown seedlings are statistically significant (Student's t test, P Ͻ 0.05). Table I ).
specific activity was reduced by 90% under the same conditions (Student's t test, P Ͻ 0.05).
To compare the inhibitory effect of Pi and Phi on the induction of Pi starvation-inducible enzymes in more detail, we examined the effect of increasing concentrations of both anions on the expression of acid phosphatase and ribonuclease activities. Seeds were germinated for 3 d on ϩPi medium and were transferred subsequently to media containing various concentrations of Pi or Phi. After 14 d of additional growth, plant extracts were analyzed by in-gel assays for both enzyme activities (Fig. 6) . When compared with extracts of Pi-starved plants, increasing concentrations of Pi in the growth medium resulted in a steady reduction of extractable acid phosphatase and ribonuclease activities between 0.025 and 2.5 mm Pi. It is interesting that increasing Phi concentrations in the agar medium had a similar effect on both enzyme activities, which was most effective at concentrations above 0.05 mm Phi (Fig. 6) . In summary, these data demonstrate repression by Phi of Pi starvation-inducible nucleolytic enzymes.
Phi Selectively Represses Phosphate StarvationInducible Gene Expression
Next, we examined whether Phi represses Pi starvation-inducible gene expression at the level of steady-state transcript levels. To monitor Piregulated gene expression, we used gene probes coding for an acid phosphatase (AtACP5), a Pi transporter (AtPT2), and a protein of unknown function (At4). These genes are induced by Pi limitation but are repressed in high Pi (Muchhal et al., 1996; del Pozo et al., 1999; Burleigh and Harrison, 1999) . Seeds were germinated for 3 d on ϩPi medium and then transferred to ϩPi, ϪPi, and ϪPi/ϩPhi medium. After 14 d of growth, nucleic acids were extracted and steady-state mRNA levels examined by RNA gel-blot analysis. As shown in Figure 7 , Pi starvation dramatically increased transcript levels of AtACP5, AtPT2, and At4 when compared with plants grown in Pisufficient condition. As expected, cultivation in ϪPi/ ϩPhi medium did not appreciably increase mRNA levels of the three genes tested, which were comparable with the transcript levels determined in ϩPi-grown plants.
To assess whether gene repression by Phi is a specific response rather than a nonspecific, toxic effect of the Pi analog, we examined auxin inducibility of two primary auxin response genes, IAA1 and IAA3 (Abel et al., 1995) , in the same growth conditions. Plants were grown on ϩPi, ϪPi, and ϪPi/ϩPhi media as described above and were additionally treated for 2 h with IAA or with incubation buffer only. RNA gelblot analysis with the two IAA gene probes demonstrated that plants grown in ϪPi/ϩPhi conditions retained the capacity to respond to the plant hormone by transcriptional activation of early auxininducible genes, similar to those plants that were grown in ϪPi or ϩPi conditions (Fig. 7) . These data indicate selective repression of Pi starvationinducible genes by Phi.
DISCUSSION
In this study, we examined the effect of the Pi analog, Phi, on plant growth and Pi starvation responses of Arabidopsis. We observed that Phi at concentrations above 2.5 mm significantly inhibited plant growth in phosphorus-sufficient (ϩPi or ϪPi/ ϩRNA) and insufficient (ϪPi) media, whereas lower Phi concentrations had only a marginal effect on seedlings grown in all conditions. Similar results were previously reported for B. nigra seedlings and B. napus cell suspension cultures. Phi-inhibited growth correlated with reduced internal Pi concentrations, indicating competitive action of Phi on Pi assimilation as a cause for growth inhibition (Carswell et al., 1996 (Carswell et al., , 1997 .
31 P-NMR spectroscopic studies in B. nigra further revealed that Phi is metaboli- Figure 5 . Staining for acid phosphatase activity. Seedlings were grown for 3 d on ϩPi medium and transferred for 14 d to ϪPi, ϩPi (2.5 mM), or ϩPhi (2.5 mM) medium. Histochemical staining for acid phosphatase activity of roots with the BICP substrate was performed as described in "Materials and Methods."
Table II. Repression of Pi starvation-inducible enzymes by Pi and Phi
Seedlings were grown for 3 d on ϩPi medium and transferred for 14 d to ϪPi, ϩPi (2.5 mM), or ϩPhi (2.5 mM) medium. Spectrophotometric assays for acid phosphatase, phosphodiesterase, and ribonuclease were performed as described in "Materials and Methods". Mean specific enzyme activities (ϮSE) are given n ϭ 3 independent extractions) and expressed as percent of the ϪPi treatment (nos. in parentheses). Enzyme activities are significantly reduced in plants grown in ϩPi and ϩPhi medium when compared with plants grown in ϪPi medium (Student's t test, P Ͻ 0.05). cally stable and not converted to other compounds (Carswell et al., 1996) . Thus, inhibition of Arabidopsis growth by Phi is likely to be a consequence of competitive inhibition of Pi assimilation and may further reflect an inability of Arabidopsis to readily utilize Phi via oxidation to Pi. Although Phi apparently cannot substitute for Pi in terms of meeting the nutritional phosphorus requirements of plants, our data indicate that Phi can substitute for Pi in repressing typical molecular and developmental responses to Pi limitation. Biochemical adaptations to Pi starvation include increased synthesis of anthocyanins, presumably to adjust photosynthetic light reactions to the Pi-dependent Calvin cycle, and increased synthesis of enzymes for scavenging intra-and extracellular phosphorus (Trull et al., 1997; Bosse and Kö ck, 1998; Raghothama, 1999) . We previously demonstrated that Pi starvation coordinately induces ribonuclease, phosphodiesterase, and acid phosphatase activities in tomato (Lycopersicon esculentum) cell suspension cultures, which sequentially participate in the complete hydrolysis of exogenous RNA to nucleosides and Pi (Nü rnberger et al., 1990; Abel et al., 2000) . Here, we found that Phi effectively prevents accumulation of anthocyanins and represses these nucleolytic enzymes in Pi limiting conditions at concentrations that are not growth inhibitory. Seedlings transferred to ϩPi or ϩPhi medium expressed 50% to 90% lower activities of nucleolytic enzymes than seedlings transferred to ϪPi medium. These results are in agreement with studies in Brassica sp., which showed that Phi reduced the induction of phosphoenolpyruvate phosphatase, pyrophosphate-dependent phosphofructokinase, and highaffinity Pi uptake in Pi-limiting conditions by 40% to 90% (Carswell et al., 1996 (Carswell et al., , 1997 . We extended our studies to compare the effect of Pi and Phi on steadystate levels of Pi-responsive mRNAs, which encode a Pi transporter, AtPT2 (Muchhal and Raghothama, 1999) , an acid phosphatase, AtACP5 (del Pozo et al., 1999) , and an unknown gene product, At4 (Burleigh and Harrison, 1999) . Our data clearly indicate that Phi represses Pi starvation-inducible gene expression at the transcript level. It is important to note that in all conditions tested, Arabidopsis seedlings retained the capacity to respond to auxin with the induction of early auxin-inducible genes, IAA1 and IAA3. The ability to transcriptionally activate early auxin genes (Koshiba et al., 1995) suggests that repression of Piresponsive gene expression by Phi is selective and not caused by a possible general cellular toxicity of the Pi analog. Selective attenuation of Pi starvation responses by Phi is further indicated by total chlorophyll levels, which did not appreciably change in plants grown on medium containing concentrations of up to 5 mm Phi. Likewise, Phi treatment of Brassica sp. seedlings and cell suspension cultures grown in ϩPi and ϪPi conditions did not significantly change total soluble protein concentrations or the activities of pyruvate kinase and ATP-dependent phosphofructokinase, enzymes that are not associated with the Pi starvation response of plants (Carswell et al., 1996 (Carswell et al., , 1997 .
Typical morphological effects of Pi limitation include dramatic changes in root architecture, presumably to accelerate soil exploration. Such developmental acclimations include enhanced root growth relative to the shoot, altered patterns of lateral root Figure 6 . Gel electrophoretic analysis of Pi starvation-inducible enzyme activities in Arabidopsis plants. Seedlings were grown for 3 d on ϩPi medium and transferred for 14 d to medium containing the indicated concentrations of Pi and Phi. In-gel assays of acid phosphatase (A, 15 g of protein per each lane) and ribonuclease (B, 80 of g protein per each lane) with total plant protein extracts were performed as described in "Materials and Methods." Arrowheads point to the 80-kD major acid phosphatase isoform, and to two major ribonucleases of 23 and 26 kD, corresponding to RNS1 and RNS2, respectively (Chen et al., 2000) . One experiment representative of four independent trials is shown.
branching, development of proteoid roots, and increased root hair formation (Lynch, 1995; Schachtman et al., 1998) . Microscopic analysis of root hair formation revealed that Phi suppressed, to a similar extent as Pi, the enhanced root hair elongation and root hair density of seedlings grown in Pi-deficient media. Although root hair formation in response to Phi has not been examined in other plants, similar studies in lupin (Lupinus albus) showed that Phi treatment of Pi-starved plants reduced the development of proteoid roots (Gilbert et al., 2000) . We further observed that Phi altered the root-to-shoot ratio of seedlings developing in ϪPi medium, which was reported previously for B. nigra plants (Carswell et al., 1996) . Although the total fresh weights of ϪPi-and ϩPhi-germinated, and growth-arrested, seedlings were comparable, which are likely determined by available seed phosphorus reserves such as phytic acid, the root-to-shoot ratio of ϩPhi seedlings was significantly reduced when compared with ϪPi seedlings. Thus, the presence of Phi appears to cause a redistribution of seed phosphorus reserves to benefit shoot growth, rather than root growth as observed in ϪPi/ϪPhi seedlings. A lower root-to-shoot ratio of ϩPhi seedlings is also consistent with the inhibitory effect of Phi on root hair formation, anthocyanin accumulation in the shoot, and induction of Pi starvation-inducible enzymes.
In summary, our study in Arabidopsis supports and extends previous work on the biological effects of Phi in Brassica sp. (Carswell et al., 1996, 1997 ) and in tomato (Varadarajan and Raghothama, 2000) . Our data provide compelling new evidence for the hypothesis that Phi specifically interferes with the manifestation of a wide range of biochemical and developmental Pi starvation responses. Although Phi is not a substrate in enzymatic phosphoryl transfer reactions (Guest and Grant, 1991) , other Pi-binding proteins, such as plasmalemma Pi transporters or signaling components involved in monitoring Pi status, apparently do not discriminate between Pi and Phi (Carswell et al., 1997) . These properties of Phi and its dual, concentration-dependent effect in plants suggest the value of Phi as a molecular tool to manipulate and investigate Pi sensing in plants. Although Phi at concentrations below 2.5 mm attenuates Pi starvation responses in a similar manner to Pi and does not significantly affect growth of Arabidopsis, higher Phi concentrations clearly inhibit plant development, likely by competing with Pi assimilation as shown for Brassica sp. (Carswell et al., 1996 (Carswell et al., , 1997 . The dual effect of Phi on Pi starvation responses and plant growth may be exploited in a genetic approach to dissect Pi starvation response pathways. We have previously isolated a number of conditional, insensitive Pi starvation response mutants in Arabidopsis by screening for plants that fail to develop normally on nucleic acid-containing media but that can be rescued on ϩPi medium (Chen et al., 2000) . In a converse manner, addition of Phi to nucleic acid-containing media at concentrations that inhibit Pi starvation responses and plant growth may allow for the selection of mutants that constitutively express Pi starvation-inducible nucleolytic enzymes. The Pi derived from exogenous nucleic acid substrates may out-compete the growth-inhibitory effect of Phi and allow for growth of constitutive Pi starvation response mutants (see Fig. 1 ). Such constitutive mutants will greatly contribute to our understanding of the signaling pathways that mediate molecular and developmental responses of plants to Pi limitation.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Wild-type Arabidopsis ecotype Columbia was obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus). Seeds were surface sterilized and germinated on 0.8% (w/v) phytagar medium containing 5 mm KNO 3 , 2.5 mm KH 2 PO 4 (adjusted to pH 5. from phosphorous acid (Aldrich Chemicals, Milwaukee, WI) and KOH, was added to autoclaved ϪPi medium to the specified Phi concentrations. For RNA-containing (ϩRNA) medium, filter-sterilized purified RNA was substituted for KH 2 PO 4 and added to the autoclaved medium to a final concentration of 0.6 mg mL Ϫ1 , equaling about 2 mm total phosphorus (Chen et al., 2000) . Phytagar (commercial grade) was purchased from Gibco-BRL (Gaithersburg, MD) and contributed about 25 m total phosphorus to the final medium (catalog no. 10695-039, lot no. 1021483). After stratification at 4°C for 2 to 3 d, seeds were germinated in a controlled environmental chamber at 22°C under illumination with fluorescent and incandescent light at a photon fluence rate of approximately 60 mol m Ϫ2 s Ϫ1 for 16 h daily. To facilitate fresh weight determination and analysis of roots, plants were grown on vertically oriented agar plates as indicated.
Pigment Analysis
Anthocyanins were determined according to Lange et al. (1971) . Seedlings were homogenized in propanol:HCl:water (18:1:81) and further extracted in a boiling water bath for 3 min. After centrifugation, the absorbance of the supernatant was measured at 535 and 650 nm. The absorbance due to anthocyanins was calculated as A ϭ A 535 Ϫ A 650 . Chlorophyll content was analyzed according to Chapman (1988 (Chapman, 1988) .
Histochemical Staining
For histochemical staining of acid phosphatase activity in roots, plants were grown on agar plates of the indicated media composition. The agar surface subsequently was overlayed with 0.6% (w/v) phytagar containing 0.008% (w/v) BICP (Sigma, St. Louis). Plates were incubated overnight and photographs were taken.
Root Analysis
Images of the roots were captured with a Cool Snap high-performance CCD camera and imported into the public domain National Institutes of Health Image program for quantitative analysis of root hair length and density.
Electrophoretic Analysis of Ribonucleases and Acid Phosphatases
Total proteins of Arabidopsis seedlings were isolated as described by Yen and Green (1991) and equal amounts per treatment were separated by SDS-PAGE using the discontinuous buffer system of Laemmli (1970) . Proteins were allowed to renature during repeated washes of gels with 25% (w/v) isopropanol. Ribonuclease isoenzymes separated in 12% (w/v) polyacrylamide gels and acid phosphatase isoenzymes separated in 7.5% (w/v) polyacrylamide gels were detected according to Yen and Green (1991) and Trull et al. (1997) , respectively.
Enzyme Assays
Plant extracts were prepared according to Yen and Green (1991) , using 100 mm Tris-acetate, 100 mm potassium acetate, 250 mm sodium ascorbate, 2 mm EDTA, 5 mm DTT, 10% (w/v) glycerol (pH 8.0) as extraction buffer. Acid phosphatase activity was measured in a total volume of 0.06 mL containing 100 mm acetic acid-NaOH (pH 5.5) 5 mm p-nitrophenyl phosphate as the substrate and appropriate amounts of plant extract (Chen et al., 2000) . Phosphodiesterase activity was measured in 50 mm acetic acidNaOH (pH 6.0) and 5 mm MgCl 2 using bis(p-nitrophenyl) phosphate as the substrate (Abel et al., 2000) . Reactions were incubated in microtiter wells at 37°C, terminated by the addition of 200 L of 1 m Na 2 CO 3 , and assayed spectrophotometrically. Acid phosphatase and phosphodiesterase activities of plant extracts were calculated using a molar extinction coefficient of 18,300 cm 2 nmol Ϫ1 for p-nitrophenol at 405 nm. Ribonuclease activity was determined spectrophotometrically by the release of ethanolsoluble hydrolysis products according to Abel and Glund (1987) . One ribonuclease unit is defined as the amount of enzyme causing an increase in ⌬A 260 of 1.0 min Ϫ1 cm Ϫ1 mL Ϫ1 (Wilson, 1982) . For calculation of specific enzyme activities, assays were performed under conditions of demonstrated linearity with respect to time and protein amount. Five to 10 g of total protein extract typically were used per reaction.
Other Assays
Protein was assayed according to the method of Bradford (1976) using bovine serum albumin as the standard. The method of Ames (1966) was used to determine the total phosphorus content of phytagar and the Pi concentration of growth media.
Isolation of Nucleic Acids and RNA Hybridization Analysis
Total nucleic acids were isolated using the phenol/chloroform extraction procedure described by Theologis et al. (1985) . RNA hybridization analysis with various 32 Plabeled probes, AtACP5 (del Pozo et al., 1999) , At4 (Burleigh and Harrison, 1999) , AtPT2 (Muchhal et al., 1996) , and IAA1 and IAA3 (Abel et al., 1995) , was carried out as described by Abel et al. (1995) . Equal RNA loading was assessed by hybridization with a rice (Oryza sativa) 17S ribosomal DNA probe.
Statistical Analyses
Means Ϯ se were calculated and Student's t tests were carried out. All differences were significant to at least a value of P Ͻ 0.05, which indicates that the probability that the differences in the two sample means were due to chance alone was less than 5%.
